The paper proposes a displacement-based design method for seismic retrofit of RC buildings using hysteretic dissipative braces. At first, a fully multimodal procedure based on an adaptive version of the capacity spectrum method is applied to the 3D model of the damped braced structure. Then, the properties of an idealized bilinear model are defined using the seismic characteristics of the compound system thus accounting for the frame-damped brace interaction. Finally, an iterative procedure is developed to provide an optimal distribution of dampers. The proposed method overcomes the limitations of the design procedures in the literature that generally neglect the frame-damped braces interactions. Moreover, it addresses the main issues of seismic design of damped braces: effect of force demands applied to the frame due to the damper yielding and strain hardening, higher modes contribution, effect of soft-storey irregularities, and torsion effect in asymmetric buildings. The proposed design procedure is first validated using nonlinear static and dynamic analyses of a numerical example. Then, it is implemented to a real case study of a RC school building to assess its applicability in current practice.
Introduction
Experience from recent severe earthquakes has confirmed that RC buildings designed without earthquake-resistance requirements (precode structures) or following outdated structural codes are extremely vulnerable to seismic excitation. From literature review, considerable effort has been made to evaluate the seismic vulnerability of structures on both global and local levels [1] [2] [3] [4] [5] . This is especially true for public buildings such as hospitals or schools, whose seismic resistance is very important in view of the consequences associated with failure [6] [7] [8] [9] . Low-rise RC school buildings often have large windows with a long rectangular floor plan thus producing a seismically weak direction along the internal corridor. Furthermore, the buildings designed without consideration on seismic loading often are irregular in plan and/or elevation. The consequent lateral-torsional coupling leads inevitably to considerable increase in the seismic vulnerability [10] [11] [12] . Finally, the seismic gap between adjacent structures often is not adequate to accommodate their relative motions, thus resulting in a significant seismic hazard of pounding during earthquake excitation. Therefore, the existing RC building structures often need retrofit to resist the design earthquake demand. Many techniques are available for seismic upgrading of existing buildings and have proved to be effective in increasing the capacity of the structure and/or reducing the seismic demand. Among these techniques, the hysteretic dissipative braces (bucklingrestrained braces (BRBs) and steel hysteretic dampers) have been extensively applied for the seismic retrofitting of RC framed buildings and proved to give additional energy dissipation capacity, control the interstorey drifts and lateral displacements, and, finally, encourage dissipative collapse mechanisms [13] [14] [15] [16] [17] [18] [19] . Steel bracings have also other advantages such as their relatively low weight, their suitability for prefabrication, and the possibility of allowing inner and outer openings. Moreover, the braces may be directly connected to concrete members without using steel frames fixed to the concrete structure. Finally, these devices can be used as structural fuses since they are easy to replace, concentrate damage while the rest of the structure remains undamaged, 2 Mathematical Problems in Engineering and fix a limitation of the brace force that is transmitted to the highly stressed anchorage.
There are many studies available in the literature focusing on experiment tests and analytical results that have proved their excellent hysteretic behaviour without any strength and stiffness degradation [20] [21] [22] [23] [24] [25] . However, although conceptually clear as general principle, the application of hysteretic dissipative braces require more complex procedures if compared with other retrofit strategies. For example, the seismic retrofit with base isolation may be studied using a simple linear elastic analysis [26, 27] while the traditional techniques to increase strength and/or ductility require the plastic section analysis. The design of hysteretic dissipative braces is certainly more complex. Application of damped bracing systems in Europe is seriously limited by the lack of a standardized European design procedure. In fact, despite this technique proved its effectiveness for seismic upgrading of RC structures, Eurocode 8 [28] does not give any rules for design of hysteretic dissipative braces. The traditional methods appropriate for conventional structures (such as the use of a q-factor in Eurocode 8 [28] or the R-factors as prescribed by ACI) become worthless. The nonlinear response history analysis is complex and computationally demanding and, thus, its implementation is generally avoided in current practice for design of hysteretic dissipative braces. Thus, many procedures have been proposed in the literature for designing the hysteretic dissipative braces. Some of them are based on the Direct Displacement-Based Design (DDBD) method [29] [30] [31] [32] . Practically, the hysteretic damping provided by inelastic deformation of the damped braces is replaced by an equivalent viscous damping to convert the nonlinear system into an equivalent linear system. Bergami et al. [33] developed a displacement-based procedure based on two performance objectives: protect the structure against structural damage or collapse and avoid nonstructural damage as well as excessive base shear. Mazza et al. [34] developed a design procedure that combines a proportional stiffness criterion (which assumes the elastic lateral storey-stiffness due to the braces proportional to that of the unbraced frame) to the displacement-based design. Choi et al. [18] proposed an energy-based design method using hysteretic energy spectra and accumulated ductility spectra. Bosco et al. [35] proposed a design procedure for steel frames equipped with BRBs and proper values of the behaviour factor were developed through numerical investigation. Bai et al. [36] proposed a performance-based plastic design (PBPD) method for dual system of buckling-restrained braced reinforced concrete moment-resisting frames. Guerrero et al. [37] developed a method for seismic design of buildings equipped with BRBs that uses seismic records to solve the dynamic equation of motion for dual oscillators. Barbagallo et al. [38] proposed a design method for seismic upgrading of existing RC frames by BRBs that allows a direct control of storey drift demands. The equivalent viscous damping ratio to account for the energy dissipated by the damped braced frame is a dominant parameter in procedures based on displacementbased design. Ghaffarzadeh et al. [39] presented results of experimental and numerical investigations performed for estimating the equivalent viscous damping in DDBD procedure of two lateral resistance systems, moment frames and braced moment frames. Mazza et al. [40] and Dwairi et al. [41] developed analytic expressions of the equivalent-damping considering the energy dissipated by the hysteretic dampers and the framed structure.
The main drawbacks of the design methods based on DDBD [29] [30] [31] [32] [33] [34] are that they neglect the frame-damped brace interaction and are based on the proportional stiffness criterion. In fact, the equivalent single-degree-of-freedom (SDOF) system of the RC bare frame is defined from the pushover analysis of the existing RC structure. The effective period and secant stiffness of the structure are then calculated combining the damping characteristics of the structural components. Finally, the same value of the stiffness ratio between damped braces and bare frame is assumed for each storey. Thus, the damper stiffness is distributed along the height of the building according to the profile corresponding to the fundamental mode of the structure. This approach can produce a nonuniform distribution of peak storey drift under earthquake ground motion and, therefore, it is not able to prevent soft-storey mechanisms.
As an alternative, Kasai et al. [42] [43] [44] developed a method based on the SDOF idealization of the multistorey building structure and proposed a rule to arrange the damper stiffness over the height of the building so to produce the uniform distribution of drift angle and ductility demand under the design shear force, although those of the frame without dampers may be nonuniform. The damper design method giving optimal dampers distributions was initially proposed for elastic steel structures as well as elastoplastic structures including steel and timber structures [45] and then extended for retrofitting of existing RC structures with elastoplastic dampers [31, 46] . This design approach is very useful since it gives a closed form expression for the required damper to RC frame stiffness and the optimal damper stiffness for each storey. However, it suffers some main limitations for applying in current practice. First, all these damper design methods giving optimal dampers distributions are generally based on a shear beam model that consists of a mass and two springs (one for damper and the other for frame) for each storey. This model represents the hysteretic characteristics of the dampers but neglects some considerable interaction effects between the damped braces and the RC frame that may influence the seismic characteristics of compound system. In fact, despite the increase of strength and stiffness, the introduction of damped braces leads to an increase of the axial forces in the columns. This effect reduces the deformation capacity of the RC columns and may lead to their premature failure. Thus, the design method should include the effects of framedampers interaction so to relate the damped brace capacity with the deformation capacity of the RC columns. Moreover, the damper quantity obtained in the equivalent SDOF system is distributed to each storey of MDOF system by using the constraint condition that the equivalent stiffness of passive control MDOF system at the target drift angle is proportional to the storey shear force acting on each storey. This design approach is very sensitive to the design shear force and frame stiffness distributions along the height. The existing Mathematical Problems in Engineering 3 RC buildings typically show significant reduction in crosssection of the column along the height. Thus, the frame stiffness may decrease rapidly along the height and the storey drift at upper stories increases (upper-deformed type structure). In this case, the required damper to RC frame stiffness becomes high value at the storey expected to have large drifts of frame without dampers. On the contrary, the closed form expression of the optimal damper stiffness gives negative values in the first stories of the structure which means that no damper should be inserted in these stories. This optimal design solution obtained for an ideal shear beam model cannot be easily implemented in current practice due to the effects of frame-damper interactions. In fact, in the retrofitted building all the lateral load resisting systems (including the damped braces) should run without interruption from their foundations to the top of the building. If no damper is inserted in the first storey, the uniformity in the development of the structure along the height of the building is lessened, and this gives a concentration of shear forces in the first storey columns below the damped braces that might prematurely cause collapse.
Finally, it should be highlighted that the design methods available in literature generally include only the first mode contribution while the contributions of higher modes in evaluating the response of MDOF elastoplastic system is neglected. Moreover, the design methods based on optimal dampers distributions [31, [42] [43] [44] [45] [46] [47] are generally tested on twodimensional planar shear-bar models and their efficiency for 3D asymmetric building structures should be further investigated. Thus, they are fully reliable only when applied to symmetric-in-plan buildings and this is a very strong limitation since many existing RC buildings (including schools, hospital and other public buildings) are asymmetric in plan and/or in elevation. On the other side, the application of design methods based on DDBD [29] [30] [31] [32] [33] [34] to asymmetricplan buildings creates some problems of accuracy. In fact, the dynamic properties of the damped braced structure are calculated combining the damping characteristics of the RC bare frame and the damped braces. However, the response of the RC bare frame is dominated by the torsional effects, while the response of damped braced structure is poorly conditioned by these effects since they are mitigated by the damped braces. Clearly, this would affect the effectiveness of these design methods.
In this paper, a design method is proposed to address the main issues of seismic design of damped braces: effects of frame-damper interactions, higher modes contribution, effect of soft-storey irregularities, and torsion effect in asymmetric building. The proposed method is based on the Direct Displacement-Based Design (DDBD) and is an evolution and improvement of the procedure proposed by Mazza et al. [34] . The design procedure explicitly considers the framedamper interaction (i.e., the force demands applied to the frame due to the damper yielding and strain hardening). In fact, the seismic design is carried out using the pushover curve of the dual RC-brace system thus considering the yield mechanism of compound system and the corresponding nonlinear drift demand for achieving the expected seismic performance. To solve the drawback of fixed-load pattern, the pushover analysis is carried out by using the Displacementbased Adaptive Pushover (DAP) method [48] together with an adaptive version of the capacity spectrum method [49] . Based on a 3D model and a fully multimodal procedure, the proposed method allows accounting for the higher modes contribution and torsion effect in asymmetric buildings. The equivalent viscous damping of the dual RC-brace system is characterized using a specific formulation calibrated on experimental results for steel braced RC frames. The lateral force distribution is based on the inelastic state of the structure and this gives the stiffness and strength of the hysteretic dissipative braces to prevent undesired failure modes (i.e., partial mechanisms and soft-storey mechanisms). The effectiveness and reliability of the proposed procedure is investigated using a case study example. Its practical applicability is investigated with reference to a real case study that is an asymmetric in plan school building. Nonlinear dynamic time history analyses have been carried out to evaluate the seismic performance of the retrofitted building and validate the displacement-based design procedure.
Proposed Retrofit Design Method

Preliminary Design.
A preliminary design of the damped braces is carried out with the displacement-based design procedure proposed by Mazza et al. [34] . According to this procedure, the capacity curve of the framed RC structure is selected from the pushover analysis that is carried out under constant gravity loads and increasing lateral forces with different distributions over the height of the building. The lowest capacity curve (base shear V (F) versus top displacement d (F) ) is used for the preliminary design. The design displacement ( ) is selected from the seismic performance of the existing RC building. In particular, ( ) may be selected as the value of the top displacement corresponding to the Limit State of Life Safety (LS). Typically, this limit state is defined from the ultimate chord rotation capacity of ductile members (beams, columns, and walls), the interstorey drift capacity of the building or, even, the width of seismic gaps to prevent the structural pounding between adjacent structures during earthquakes. The capacity curve is idealized as bilinear for design purposes. The original RC structure is then represented by an equivalent SDOF system [50] characterized by a bilinear curve with yield displacement ( ) and corresponding base shear ( ) , and stiffness hardening ratio r F (Figure 1 ). The Jacobsen formulation [51] is used to calculate the equivalent viscous damping due to hysteresis of the RC structure. The equivalent viscous damping of the damped braced structure ( ) is estimated by summing the elastic viscous damping for RC structure ( V =5%) and the equivalent viscous damping of the system composed of the framed structure (F) and the damped braces (DB) evaluated as a weighted average as follows: Mathematical Problems in Engineering The base shear ( ) in the hysteretic dissipative braces is unknown since the effective strength properties of the equivalent damped brace is one of the parameters of the design procedure. Thus, an iterative procedure is required. At first, an attempt value of the equivalent viscous damping is imposed. Then, a damping reduction factor R defined as
multiplies the spectral ordinates to get the design displacement values. The effective period T e of the damped braced structure is estimated as the period of the -damped displacement spectrum corresponding to the performance displacement d p (Figure 2 ). The equivalent stiffness K e of the damped braced structure is calculated as follows:
The equivalent stiffness of the damped braces is given by
Finally, since the constitutive law of the equivalent damped brace is idealized as bilinear, the performance and yielding base shears ( ( ) and ( ) ) are calculated as follows:
The base shear from (5) may be used as a new attempt value of ( ) in (1) to calculate the equivalent viscous damping of the damped braced frame. This iterative procedure progresses very quickly to a converged solution. To complete the design procedure, it is necessary to define the distribution of base shear ( ) y along the height. The preliminary design is based on the proportional stiffness criterion; that is, at each storey the same value of the stiffness ratio between the lateral stiffness values for damped braces and bare frame is assumed. Moreover, the mode shapes of the structure are considered unchanged even after inserting the damped braces. Thus, the base shear is distributed along the height of the building according to the profile corresponding to the fundamental mode. This gives the yielding design shear force 
where i and i-1 are, respectively, the i-th and (i-1)-th components of the fundamental mode shape vector .
Final Design.
The preliminary design procedure based on the proportional stiffness criterion may not give the expected results when applied to real case studies. The main drawbacks are as follows:
(1) The mode shapes of the structure are considered unchanged even after inserting the damped braces.
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(2) The dampers are distributed along the height according to the proportional stiffness criterion.
(3) The frame-damped braces interaction is neglected.
These drawbacks can affect the accuracy of the design method when applied to buildings with soft stories, plan irregularities, or nonductile columns. Many existing RC buildings were designed without earthquake-resistance requirements and partial collapse mechanisms, such as soft-storey mechanisms, are not necessarily avoided. Thus, if the mode shapes of the structure are maintained unchanged even after inserting the damped braces, then even the retrofitted building may develop undesired partial collapse mechanisms under the design seismic action. Furthermore, it may be necessary to use the damped braces to improve the seismic behaviour of the building. In fact, the buildings designed without consideration on seismic loading often are irregular in plan and elevation. The consequent lateral-torsional coupling leads inevitably to nonuniform displacement demands among resisting planes during the pushover analysis of the existing RC building. Thus, the mode shapes and, in general, the seismic response of the building can vary greatly after inserting the damped braces. For example, the torsional effects are greatly reduced in braced frame buildings since the damped braces are positioned in plan to increase the torsional stiffness and strength and minimize the eccentricity between the centres of mass and stiffness. As a result, also the choice of the design displacement ( ) from the seismic performance of the existing RC building becomes questionable. Moreover, it should be highlighted that the damper distribution along the height of the building according to the proportional stiffness criterion may be not able to assure very large plastic strains in all the dampers.
Some authors [31, [42] [43] [44] [45] [46] [47] have tried to overcome this limitation by developing damper design methods that give optimal dampers distributions, so that the distribution of ductility demand becomes uniform, although that of the frame without damper is nonuniform. However, these methods are generally based on a simplified shear beam model, while applications to 3D buildings models accounting for frame-damper interaction, higher modes effects, and plan irregularities are still lacking. Moreover, these optimal design methods provide that no damper must be inserted in the first storey of "upper-deformed type" frames that are the frames in which the storey drift at upper stories increases. This gives a concentration of shear forces in the first storey columns below the damped braces that might prematurely cause the collapse of the structure. This effect cannot be highlighted by the shear beam model that consists of two springs in parallel (one for damper and the other for frame). This is a general drawback of many design procedures that neglect the effect of frame-damped braces interactions (i.e., the force demands applied to the frame due to the damper yielding and strain hardening), which may significantly affect the failure mechanism. In fact, the internal force demands of RC beams and columns intersected by braces are underestimated if interaction is neglected. In particular, the increase of the axial forces in the RC columns decreases their deformation capacity (nonductile columns) and this may lead to their premature failure.
In order to overcome these drawbacks, a retrofit design method is proposed in this paper. In the first step the damped braces are defined from the preliminary design developed in Section 2.1. Then, the pushover analysis is carried out on the dual RC-damped brace system thus accounting for the effects of frame-damped braces interactions, the yield mechanism of compound system, and the corresponding nonlinear drift demands. This allows accounting for the increase in the axial forces of the columns given by the damped braces and its effects on the ultimate chord rotation capacity of the RC columns. The pushover analysis is carried out by using the Displacement-based Adaptive Pushover (DAP) method proposed by Antoniou and Pinho [48] . This method overcomes the assumption that the structure vibrates predominantly in a single mode and that the dynamic properties of the structure remain unchanged, but it provides no solution to determine the target displacement. Thus, an adaptive version of the capacity spectrum method is developed in this paper. The classical formulation proposed by Fajfar [50] is useless to define the equivalent SDOF system in adaptive pushover analysis. In fact, the capacity spectrum method assumes that the response of the multiple degreeof-freedom (MDOF) system is entirely in the fundamental mode, while no contribution is considered from other modes. This allows defining an idealized bilinear SDOF system from the transformed capacity curve ( /Γ versus /Γ, where Γ is participation factor of the fundamental mode shape). In case of adaptive pushover, the lateral force pattern and, thus, the equivalent SDOF system changes during the analysis. At each step of the pushover analysis, a different equivalent SDOF system is defined as a function of the actual lateral displacement pattern. In particular, the equivalent mass of the SDOF system at the i-th step of the pushover analysis is expressed as a function of the j-th storey displacement as follows [49] :
where N is the number of stories, m j is the mass of the j-th storey, is the lateral displacement of the j-th storey at the ith step of pushover analysis. The corresponding participation factor is defined as follows:
The capacity curve (base shear versus top displacement d) of the damped braced structure is transformed step by step into the capacity curve ( * versus * ) of the equivalent SDOF system, as follows:
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Finally, according to the principle of energy equivalence, the capacity curve is idealized as bilinear. It should be highlighted that the capacity curve ( * versus * ) referred to the dual RC-brace system and thus explicitly considers the frame-damped braces interaction. Moreover, (10)- (12) that control the transformation from MDOF to SDOF model account for the dynamic behaviour of the damped braced structure. This overcomes the main limitations of the preliminary design procedure that do not consider the frame-damped braces interaction and define the equivalent SDOF system of the RC bare frame from the pushover analysis of the existing RC structure. This includes many effects (such as lateral-torsional coupling, torsional eccentricity, and partial or soft-storey mechanisms) that are present in the existing RC building but may disappear in the dynamic response of the building after retrofit. Finally, it should be observed that the pushover analysis of the damped braced structure allows calculating the capacity curve of the RC bare structure and the capacity curve of the damped braces, separately. In fact, the top floor displacement is the same in both cases while the base shear V (F) of the RC bare structure may be calculated as the difference between the total base shear and the base shear ( ) in the damped braces. The equivalent viscous damping of the damped braced structure ( ) is estimated using the equation proposed by Ghaffarzadeh et al. [39] for steel braced RC frames:
where V =5% is the elastic viscous damping for the RC structure while the coefficients a, b, and c are calibrated matching experimental and numerical data [39] , which gives a=70, b=43, and c=4.7x10 −5 . Equations (2)- (6) give the equivalent stiffness K e of the damped braced structure and the performance base shear ( ) and the yielding base shear ( ) in the damped braces.
The yielding base shear ( ) should be distributed along the height of the building. The conventional displacement-based design procedures [29] [30] [31] [32] [33] [34] are based on the proportional stiffness criterion and distribute the yielding base shear ( ) along the height according to the profile corresponding to the fundamental mode of the RC bare structure. As aforementioned this approach may fail when the bare structure shows lateral-torsional coupling effects and/or undesired failure modes. Moreover, it is not able to assure large plastic strains in all the dampers.
As an alternative, in this paper the damper quantity of the equivalent SDOF system is distributed to each storey of the MDOF system by using the following rule to distribute the yielding base shear ( ) along the height of the structure:
where , is the i-th storey displacement at the performance point calculated from the pushover analysis. The dampers and the braces are dimensioned from the storey shears using horizontal equilibrium. Practically, the distribution of the lateral loads carried by the damped braces at the yielding point is based on the inelastic state of the structure calculated from the adaptive pushover analysis of the dual RC-brace system.
The distribution of the base shear according to (15) is focused on optimizing the seismic response of the building after retrofit. In fact, it increases the stiffness of the damped braces for the stories with higher interstorey drifts (thus preventing undesired soft-storey mechanisms) and tends to assure very large plastic strains in all the dampers. In the case of one bracing in a single bay, the yield strength of the dampers , is given by (7), while the stiffness of the damped brace ( ) at i-th storey is calculated as follows:
where , and , -1 are, respectively, the i-th and (i-1)-th storey displacements at the performance point. The damped braces defined by (16) have varied with respect to the previous iteration. Thus, the procedure should be iterated until convergence is achieved, that is until the damped braces and, therefore, the equivalent viscous damping do not vary with respect to the previous iteration with the prefixed tolerance of 5%.
Case Study Example
The proposed procedure is applied to a regular 5-storey RC moment frame ( Figure 3 ) that is considered one of the elements of the lateral force resisting system of a regular RC framed building. The storey height is 3.5m for all floors. The bay length is 5.00 m in both orthogonal directions. The steel material used is B450C with tensile strength value of 450 MPa. The concrete is assumed to have a nominal compressive strength =25N/mm 2 (compressive strength class C25/30). The building is designed for vertical loads only, and then retrofitted to Eurocode 8 [28] requirements for soil class A, damping ratio 5% and design Peak Ground Acceleration for Life Safety Limit State is PGA LS =0.35g. The SeismoStruct program [52] is used in the simulations presented in section. Distributed plasticity beam-column elements are used to account for material nonlinearity. Specifically, inelastic force-based fibre elements (infrmFB) are used for modelling components. The sectional stress-strain state is obtained by integrating the nonlinear uniaxial material response of the singlefibres in which the section is subdivided, fully Mathematical Problems in Engineering accounting for the spread of inelasticity along the member length and across the section depth. The reinforcing steel bars are modelled with a bilinear hysteretic model. The concrete is modelled accounting for the amount of confining with the well-known Mander model [53] . While the material nonlinearity is accounted for flexural and axial degrees of freedom, sections are assumed to behave elastically under shear and torsion. The bracing in a single bay of the framed structure is considered for retrofit. The dampers used have the following mechanical parameters: stiffness hardening ratio r D =0.020, design ductility =10, lateral stiffness ratio between damper, and brace * = / = 0.2. These parameters may correspond to different hysteretic dissipative braces (such as buckling-restrained braces (BRB) or steel hysteretic dampers (HBF)).
Figure 4(a) shows the pushover curves of the RC bare structure under three different lateral force distributions along the height: (a) uniform distribution, (b) equivalent static force distribution, and (c) first mode distribution. Figure 4(b) shows the lowest capacity curve of the RC bare structure and the corresponding performance points for three limit states: Damage Limitation (DL), Life Safety (LS), and Collapse Prevention (CP). A soft-storey mechanism occurs at the fourth level of the structure during pushover analysis. The limit states for the ductile and brittle failure modes are determined according to Annex A of EC8-3 [28] . The capacity of the ductile and brittle members is estimated in terms of chord rotation and shear strength, respectively. The value of the capacity of both the ductile and brittle components and mechanisms are then compared to the corresponding demand for the safety verification.
The damped braces are designed applying the proposed design method. Figure 5 shows the pushover curve of the structure with damped braces at each step of the iterative procedure. The points corresponding to yielding and failure of each device are evidenced on each pushover curve. The first step (Step 0) corresponds to the structure retrofitted by damped braces sized by the preliminary design. In this case, the failure of the 4th storey damper occurs before the target displacement d p is reached. This is due to the softstorey mechanism that is formed at the fourth level of the structure. The other dampers are very far from failure. This behaviour derives from the proportional stiffness criterion that is applied for the preliminary design. In fact, the mode shapes of the structure are maintained unchanged even after inserting the damped braces and, thus, also the retrofitted building develops a soft-storey mechanism at the 4th floor level of the structure. The last step (Step 7) corresponds to the structure retrofitted by damped braces sized by the final design. In this case, the failure in the first damper occurs when the target displacement is reached and the other dampers are very near to failure. Figure 6 shows the variation of the properties of the damped brace with height at each step of the iterative procedure. The stiffness of the damped brace ( ) is plotted in Figure 6 (a), while the strength , of the dampers is plotted in Figure 6 (b). Figure 7 shows the variation during the iterative procedure of the equivalent-damping ratio of the damped braced frame. Results show that the trend tends to stabilize after some iterations giving the final value of the equivalent-damping ratio.
Finally, it should be underlined that the proposed design method allows accurately estimating the target displacement d p accounting for the real seismic demands of the damped braced frame. In fact, the pushover analysis of the dual RC-damped brace system explicitly considers the effects of frame-damped braces interactions and, particularly, the force demands applied to the frame due to the damper yielding and strain hardening. This allows evaluating the effects of framedamped braces interactions on the deformation capacity of beams and columns in terms of chord rotation (Appendix A of EN 1998-3 [28] ) and, thus, on the target displacement d p to be considered in the analysis. This is a significant advantage over other procedures available in literature since they neglect the frame-damped braces interactions and their effects on the deformation capacity of the structure. Tables 1 and 2 show the final parameters of the idealized bilinear SDOF systems for the bare frame (Table 1 ) and the damped braced frame (Table 2) . Table 3 defines the parameters of MDOF system for the damped braced frame. Table 4 shows the design parameters of the damped braces at each storey.
The seismic response of the RC structure with damped braces is finally evaluated by means of nonlinear time history analysis. For this purpose, according to the Italian Code [54] [55, 56] are used for selecting the recorded accelerograms. The suite of accelerograms observed the rules recommended in the seismic standards. In fact, the mean of the zero period spectral response acceleration values (calculated from the single time histories) is not smaller than the value of a g S for the site in question, where S is the soil factor and a g is the design ground acceleration on type A ground. Furthermore, in the range of periods of interest no value of the mean elastic spectrum, calculated from all time histories, is less than 90% of the corresponding value of the target elastic spectrum. The recorded accelerograms considered in the numerical analysis are summarized in Table 5 . In Figure 8 , the spectrum compatibility for the selected acceleration records is represented. Figure 9 shows height-wise distribution of axial displacement of damped braces obtained from the nonlinear time history analysis. The results for the selected records are plotted in Figure 9 Step 0
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Step 6 Step 7 highlight that the proposed design procedure is effective in controlling deformations and avoiding undesired soft-storey mechanisms of failure. Figure 10 shows the hysteresis loops of dampers under the Izmit earthquake ground motion. It can be noted that the proposed design method is able to assure very large plastic strains in all the dampers thus increasing the energy dissipation capacity during the earthquake ground motion. Figure 11 compares the height-wise distributions of storey drift ratio obtained in the following cases: (1) existing RC structure; (2) structure retrofitted with hysteretic dissipative braces sized by the preliminary design; (3) structure retrofitted with hysteretic dissipative braces sized by the final design. The average value from seven nonlinear time history analyses at the Life Safety Limit State is plotted. Results show that the existing structure has a soft-storey mechanism at the 4th floor level. The structure retrofitted with damped braces sized by the preliminary design maintains unchanged the fundamental mode shape even after retrofit thus evidencing a nonuniform distribution of storey drift along the height. On the contrary, the final design procedure uses the damped braces to give a more uniform height-wise distribution of storey drift thus improving the seismic behaviour of the structure.
Application to a RC School Building
Description, In Situ Measurements, and Laboratory Tests.
The real case study is a three-storey school building in Vibo Valentia (Calabria-Italy). The building is composed of three reinforced concrete framed structures named "A", "B", and "C" in Figure 12 . The building was designed in 1962 according to the provisions of an Italian Code dating back to 1937 [57]. The site belonged to the first seismic category zone, whose seismic intensity coefficient was C=0.07. The allowable stress design method was used in design. Structure A has been selected as case study ( Figure 13) . The building has an L-shaped floor plan with dimensions of 17.70 x 35.50 m (Figure 14) . The following investigations were carried out: (1) soil investigations including sampling and testing, (2) geometrical measurements, and (3) determination of mechanical properties of materials by testing of samples taken from the structure. The soil deposits primarily comprise silt sandy loam, sand slightly silty clay, and micaceous sand. The mechanical properties of soil and the ground type according to soil classification of Eurocode 8 [28] give a soil classified as ground type B. Due to the extensive measuring and testing, the full knowledge level KL3 [28, 54] is attained, which allows a Confidence Factor CF=1. The geometry is known from original outline construction drawings integrated by direct visual survey. The structural details are obtained from original construction drawings together with in situ inspection. Information on the mechanical properties of the construction materials is taken from a comprehensive in situ testing. Collected results give the following mean values of strength: cm =35.2 MPa for concrete and ym =408 MPa for steel.
Seismic Assessment.
The seismic performance evaluation is developed using the procedure reported in current Italian Code [54] and Annex B of EN 1998-3 [28] . The RC framed structure is modelled in SAP2000 finite element computer program [58] . Figure 15 shows the fundamental mode shapes of the existing structure and the corresponding dynamic properties. The parameters of the elastic design response spectra used for seismic assessment are plotted in Table 6 . The Limit States of Immediate Occupancy (IO), Damage Limitation (DL), Life Safety (LS), and Collapse Prevention (CP) are defined according to Eurocode 8 [28] . The nonlinear analysis is carried out using a fibre hinge model implemented in the SAP2000 [58] . The concrete is modelled with the stress-strain relationship originally proposed by Mander et al. [53] . The steel is modelled with an elastic-plastic-hardening relationship. The rigid elements are placed at beam-column connections to prevent the development of plastic hinges inside the connections. The capacity of ductile and brittle members is estimated in terms of chord rotation and shear strength, respectively. The deformation capacity of beams and columns is defined in terms of the chord rotation according to Appendix A of EN 1998-3 [28] . Figure 16 shows the pushover curves for two directions (X and Y), two lateral force distributions (first mode and uniform), and accidental eccentricity of 5%. The comparison between capacity and demand for the Life Safety Limit State is carried out with the procedure implemented in Annex B of Eurocode 8 [28] and Italian Code [54] . The synthesis of the seismic safety verification is shown in Table 7 , in which are plotted both the capacity of the existing building in terms of peak ground acceleration (PGA) for different limit states and the corresponding safety index I R (ratio between capacity and demand in terms of PGA). The main deficiencies of the existing building may be summarized as follows: (1) insufficient stiffness for IO and DL Limit States, (2) poor shear capacity of brittle components, (3) torsional effects in X-direction that activate a partial failure mechanisms, (4) inadequate member chord rotation capacity for the Life Safety Limit State, and (5) inadequate seismic gap from adjacent building structures.
Retrofit Design and Seismic Assessment.
The seismic retrofit of the RC building is carried out using hysteretic dissipative braces that are allocated so to limit the underpinning area of the existing foundation, minimize the torsional effects, and keep most areas of the building operational during the retrofit construction (Figures 17 and 18 ). Some external and internal views of the building after retrofit are shown in Figures 19 and 20 . The seismic retrofit has required some local interventions including strengthening of columns next to the steel braces by steel angles and strips (Figure 18 ), shear strengthening of the unconfined joints, fibre reinforced polymer (FRP) shear, and bending reinforcement of some beams at the first floor. The size of the seismic gap between structures A and B has been increased up to 3 cm to avoid structural pounding. At first, the preliminary design of the damped braces is carried out using the procedure described in Section 2.1. The lowest capacity curve of the RC bare structure is selected among those plotted in Figure 16 . A design displacement of 35 mm is chosen in X-direction to avoid seismic pounding with the adjacent structure B (Figure 12) . A design displacement of 62 mm is selected in Y-direction. Both values are checked and, if necessary, modified as the design progresses considering the response of the braced RC building. The seismic retrofit design is carried out using two different design solutions, one based on buckling-restrained braces (BRB) and the other based on steel hysteretic dampers (HBF). The steel hysteretic Roof Floor Plan at the stairs +13.55m 40x80 40x65 40x65 dampers were finally used during the construction phase of the retrofit project (Figures 19 and 20) . Tables 8-12 show all the results of the preliminary design procedure described in Section 2.1. The fundamental modal shapes and corresponding dynamic properties of the damped braced structure are plotted in Figure 21 . It can be noticed that the first two modes are two flexural mode shapes with more than 85% modal mass participation. Practically, the seismic design retrofit with damped braces reduces the lateral-torsional coupling effects and, thus, the mode shapes vary considerably if compared with the existing RC building. That is one of the reasons why the design procedures based on the pushover analysis of the RC bare frame [29] [30] [31] [32] [33] [34] may fail in this case study. On the other side, the optimal design procedures based on an equivalent shear-bar model [31, [42] [43] [44] [45] [46] [47] neglect the torsional effects and, thus, their application to asymmetric in plan buildings deserves further study. Figure 22 shows the pushover curves of the damped braced structure and the performance points for the different limit states for two directions (X and Y) and two lateral force distributions (first mode and uniform). When comparing Figures 16 and 22 , it becomes clear the increase of stiffness, strength, and ductility due to the hysteretic dissipative braces. However, the structure is not ductile enough to sustain large plastic deformation under the first mode distribution in Ydirection. In fact, the premature failure occurs since the chord rotation capacity at Life Safety Limit State is reached in the first storey columns. The damped braces increase the axial forces in the columns and this effect reduces their deformation capacity and prevents the collapse mechanism to fully develop. This result may be evidenced only if the effects of frame-dampers interactions are included in the analysis.
However, it should be highlighted that the pushover analysis is not the appropriate method of analysis in this case. In fact, the code procedure [28, 54] based on pushover analysis is equivalent to the capacity spectrum method [50] . The Elastic Demand Response Spectrum (EDRS) is generally represented by the 5%-damped response spectrum. This approach is too much conservative since the hysteretic steel dampers have low yield displacement (2 mm) and high energy dissipation capacity. On the other side, the use of highly damped spectrum with equivalent viscous damping in the capacity spectrum method may not give accurate results. Thus, the seismic assessment requires the nonlinear response history analysis (NRHA). For this purpose, the well-known Bouc-Wen model [59] is used for the hysteretic dampers. The seismic motion consisted of two simultaneously acting accelerograms along both horizontal directions. A group of three pairs of time histories is considered for the Life Safety Limit State and another group of three pairs of time histories is applied for the Collapse Prevention Limit State. The envelope of the response quantities from all the analyses is used as the design value of the seismic effect. The artificial accelerograms are used to define the input ground motion [60] . The choice of accelerograms follows the rules recommended in the seismic standards [28, 54] . The Life Safety verification compares the member chord rotation demand in beams and columns to the corresponding chord rotation capacity. The Collapse Prevention verification compares the displacement ductility demand of the hysteretic dampers to the corresponding displacement ductility capacity. Figure 23 shows the hysteresis loops of some steel dampers at the Collapse Prevention Limit State. The damper in the hysteretic dissipative brace 7 (see Figure 17) at the third storey does not reach the inelastic region. This result is common to all the dampers of the third storey thus implying that these dampers are useless since their energy dissipation capacity is not activated. Table 13 shows the results obtained with the procedure described in Section 2.2 (Final Design). In Figure 24 the hysteresis loops of the dampers in the dissipative brace 7 at the Collapse Prevention Limit State are plotted. Similar results are obtained for all the dissipative braces. It can be noticed that 
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[ kN] Floor BRB type the proposed design method is able to give very large plastic strains in all the dampers during the earthquake ground motion thus increasing the energy dissipation capacity of the structure. Figures 25 and 26 show the height-wise distributions of storey drift ratio at the Life Safety Limit State along X and Y-direction, respectively. The envelope value from three nonlinear time history analyses under bidirectional ground Floor BRB type 
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Mathematical Problems in Engineering successful in giving a more uniform height-wise distribution of storey drift thus improving the seismic behaviour of the structure.
Conclusions
The paper proposes a design method for seismic retrofit of RC buildings with hysteretic dissipative braces. This method is based on the displacement-based design and on the adaptive version of the capacity spectrum method and explicitly accounts for the effects of frame-damped brace interactions. The lateral forces for seismic design are distributed along the height of the building according to the inelastic state of the structure. The optimal distribution of dampers is selected through an iterative procedure. The accuracy of the proposed method is validated by comparison with nonlinear time history analysis. This study has led to the following conclusions:
(1) The proposed method has been applied to two comprehensive case studies (a plane RC frame and a real school building with RC framed structure) showing its effectiveness to address the main issues of seismic design of damped braces: effects of frame-damper interactions, higher modes contribution, effect of soft-storey irregularities, and torsion effect in asymmetric building.
(2) The effects of frame-damped braces interactions have been addressed through the adaptive pushover analysis of the dual RC-damped brace system. This allowed accurately estimating the target displacement accounting for the real seismic demands of the damped braced frame. These effects have shown to be particularly important since the introduction of damped braces leads to an increase of the axial forces in the columns that reduces their deformation capacity. In one of the cases here examined this has led to the premature failure of the structure since the chord rotation capacity at the Life Safety Limit State is exceeded. Clearly, these results cannot be highlighted by design procedures neglecting the frame-damped braces interactions.
(3) The issues of local weaknesses of certain stories (weak storey) have been discussed in detail. It has been demonstrated that the proposed design method is successful to arrange the damper stiffness and strength along the height of building so as to give a more uniform height-wise distributions of storey drift, reduce the storey drift demand below the drift capacity and assure very large plastic strains in all the dampers. The design methods based on optimal dampers distributions can produce the uniform distribution of peak storey drift. However, they suggest that no damper should be inserted in case of so called "upper-deformed type" frames. This gives a concentration of shear forces in the first storey columns below the damped braces that might prematurely produce the collapse of the structure. This effect cannot be evidenced by these methods since they are based on an ideal shear beam model neglecting the frame-damped braces interactions. On the other side, the conventional design procedures based on the proportional stiffness criterion used for the preliminary design has evidenced a non-uniform distribution of storey drifts and local ductility demands along the height.
(4) The location of the damped braces in the building plan is of key importance in current practice. Many existing buildings are designed without consideration on seismic loading and, thus, they are often irregular in plan and/or elevation with the consequent lateral-torsional coupling. The proposed procedure has been applied also to buildings with plan irregularities (represented by a L-shaped in plan RC school building). Many design procedures in the literature are based on lumped-mass models, and, thus, they may be rigorously applied only to symmetric-inplan buildings. On the other side, the conventional design procedures based on the proportional stiffness criterion uses the hypothesis that the mode shapes of the structure may be considered unchanged even after inserting the damped braces. This hypothesis is not well verified in case of irregular buildings since the damped braces are positioned in plan to improve the seismic behaviour of the building and significantly reduce the lateral-torsional coupling effect.
(5) Results of the nonlinear time history analyses have shown that the proposed method can be used in current practice as a substitute to the traditional force-based design method for seismic retrofit of RC buildings with damped braces.
Finally, it is important to emphasize that the equivalent viscous damping of the damped braced structure is a very important design parameter. Thus, future developments are required to calibrate this parameter on the basis of hysteretic responses obtained from nonlinear cyclic analyses of damped braced frames.
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